Background Phosphorus (P) is an essential macronutrient for plants. Plants take up P as phosphate (Pi) from the soil solution. Since little Pi is available in most soils, P fertilizers are applied to crops. However, the use of P fertilizers is unsustainable and may cause pollution. Consequently, there is a need to develop more P-use-efficient (PUE) crops and precise methods to monitor crop P-status.
I N T R O D U C T I O N
Phosphorus (P) is one of six essential macronutrients (N, P, K, Ca, Mg and S) required by plants. Their roots acquire P as phosphate (Pi), primarily in the form of H 2 PO 4 À , from the soil solution . The concentration of Pi in the soil solution is often low (2 to 10 mM; Raghothama, 1999) and, consequently, the supply of Pi to the root surface by diffusion is slow (Fitter and Hay, 2002) . Hence, P is one of the most unavailable and inaccessible macronutrients in the soil and frequently limits plant growth. For this reason, crops are supplied with inorganic P fertilizers. However, the non-renewable nature of inorganic P fertilizers means that cheap sources of P, such as phosphate rocks, will be exhausted within the next 60-90 years (Runge-Metzger, 1995) . In addition, excess P added to crops can pollute local watercourses, contributing to the process of eutrophication (Withers et al., 2001) . Therefore, P fertilization should be minimized. This might be achieved by developing crops that either acquire P or use P more efficiently, so that less P fertilizer is required, or developing more precise methods to monitor crop P status, such that P fertilization can be managed efficiently. This briefing focuses on the genetics of P-deficiency in an agricultural context. In an ecological context, plants may grow in P-deficient soils from germination to senescence and, consequently, may express a different set of genes from those discussed here in order to cope with a perpetually low availability of P.
G E N E T I C R E S P ON S E S T O P D E F I C I E N C Y
Plants have developed many physiological strategies to cope with low P (Fig. 1) . It is thought that manipulating the expression of genes enabling growth in low-P environments could improve the P-use-efficiency of plants and reduce the P-fertilizer requirement of crops (López-Bucio et al., 2000b; Vance et al., 2003) . This has stimulated research to identify genes and signalling cascades involved in plant responses to P deficiency. Several studies have identified individual genes that respond to P deficiency and, more recently, micro-array technology has been used to catalogue the effects of P deficiency on the expression of thousands of genes simultaneously Hammond et al., 2003; Uhde-Stone et al., 2003; Wasaki et al., 2003b; Wu et al., 2003) . It is thought that the expression of these genes is coordinated by both general stress-related and low-P-specific signalling cascades ( Fig. 1 ; Hammond et al., 2003; Vance et al., 2003; Franco-Zorrilla et al., 2004) . The genes identified as responding to P deficiency can be grouped into 'early' genes that respond rapidly and often non-specifically to P deficiency, and 'late' genes that alter the morphology, physiology or metabolism of plants upon prolonged P deficiency (Fig. 1 ). These 'late' genes generally improve the acquisition of P or promote the efficient use of P within the plant .
Although several genes or groups of genes have been identified that consistently respond to P deficiency in all plant species, the precise time at which these genes change their expression during P deficiency is still unclear. This is a consequence of the different techniques used to impose P deficiency and the contrasting ontogenies of the plant material used. Consequently, constructing a precise response pathway of the genes involved in plant responses to P deficiency is speculative. However, a hypothetical description of changes in gene expression in response to P deficiency can be proposed ( Fig. 1 ) in which genes are grouped by function into early (both low-P-specific and non-specific), morphological, physiological and metabolic processes. These groups can be arranged against an arbitrary scale of P deficiency going from slight P deficiency to extreme P deficiency.
Regulating the early genetic responses to P deficiency
Analysis of the promoters of the PHO regulon genes in yeast revealed two consensus cis-regulatory elements, GCACGTGGG and GCACGTTTT, for PHO2 and PHO4 binding and control of gene expression in response to P deficiency (Oshima et al., 1996) . A cis-regulatory element, similar to the yeast PHO4 binding site (CACGT(G/T)), was subsequently identified in two plant P-responsive genes, TPSI1 from tomato and Mt4 from Medicago truncatula. These genes represented a novel type of P-responsive gene thought to be involved in regulating plant responses to P deficiency (Liu et al., 1997; Burleigh and Harrison, 1999) , and orthologous genes in arabidopsis (At4 and AtIPS1) and rice (OsPI1) have been identified (Martín et al., 2000; Wasaki et al., 2003a) . These genes encode short, non-conserved open reading frames, respond rapidly and specifically to P deficiency, and are likely to function as riboregulators controlling the function of other molecules such as RNA, DNA or proteins (Martín et al., 2000; Wasaki et al., 2003a) .
Analysis of Chlamydomonas reinhardtii and arabidopsis mutants defective in a number of P responses revealed mutations in the CrPSR1 and AtPHR1 genes, respectively (Wykoff et al., 1999; Rubio et al., 2001) . These genes encode proteins that contain MYB DNA-binding domains and coiled-coil (CC) domains for protein-protein interactions. Further analysis of the AtPHR1 protein demonstrated that it bound to an imperfect-palindromic sequence (GNA-TATNC) as a dimer (Rubio et al., 2001 ). This sequence is present in the promoter regions of several P-responsive genes (Rubio et al., 2001; Hammond et al., 2003;  Table 1 ).
Other potential cis-regulatory elements have been identified in the promoter sequences of P-responsive genes (Mukatira et al., 2001; Rubio et al., 2001; Tang et al., 2001; Hammond et al., 2003;  Table 1 ). Cataloguing genes differentially expressed in response to P deficiency through micro-array technology has facilitated their identification. Hammond et al. (2003) reported the occurrence of putative PHO-like (CGCGTGGG) and TATA box-like (TATAAATA) cis-regulatory elements in the promoter regions of arabidopsis genes up-regulated 4 h after the withdrawal of P. The positive regulator of the yeast PHO regulon, PHO4, contains a basic helix-loop-helix (bHLH) DNA binding domain. Although no orthologues of the yeast PHO4 gene exist in arabidopsis, another bHLH transcription factor might bind to plant PHO-like sequences. Alternatively, since the core sequences of the arabidopsis PHO-like elements (CACGTG) are also similar to ABRElike and G-box elements, proteins from the bZIP class of transcription factors might bind to them (Schindler et al., 1992) . Previously, G-box and ABRE-like elements were shown to occur more often in the promoter regions of genes responding to cold stress (Chen et al., 2002) , which, amongst other things, affects P metabolism (Stitt and Hurry, 2002) . Analysis of the promoter regions from genes described as differentially regulated under P deficiency by Wu et al. (2003) identified two more novel putative cis-regulatory elements that occur more frequently in the promoters of genes up-regulated in leaves 48 h after withdrawing P (TCTCTCT) and down-regulated in leaves 24 h after withdrawing P (AAAATATC) than in the promoter regions of all genes present on the Affymetrix ATH1 GeneChip ( 
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The occurrence of cis-regulatory elements in the promoters of genes whose expression changes in shoots and roots in response to P withdrawal in comparison to the promoters of all genes on the Affymetrix ATH1
GeneChip.
Values in parts B and C are the percentage of each group that contain at least one copy of the cis-element between 10 and 1000 bases upstream of the ATG start codon identified using the 'Find regulatory sequences' function in GeneSpring (Silicon Genetics, CA, USA). Values in bold are present significantly (P < 0Á05) more often than would be expected based on the occurrence in the promoter regions of all genes on the ATH1 GeneChip.
a Tissue from which RNA was isolated to challenge micro-array, L = leaves, R = roots.
b Time after P was removed from the nutrient solution.
c Genes whose expression increased or decreased in response to P deficiency as described by Hammond et al. stress (Maathuis et al., 2003) and low oxygen stress (Klock et al., 2002) and could therefore represent a general stress response element or be an artefact of identifying these elements in silico.
All the putative cis-regulatory elements identified in groups of genes that respond rapidly to P deficiency could act as binding sites for proteins controlling the initial responses of plants to P deficiency. Further analysis is now required to identify the factors that bind to these regulatory elements. At present, the spatial and temporal expression of transcription factors is poorly understood, and some are thought to perform house-keeping functions under certain conditions and show overlapping roles with several response pathways (Chen et al., 2002; Venter and Botha, 2004) .
Several studies have shown that general stress response genes are differentially regulated in response to P deficiency, although the temporal patterns and magnitude of these changes vary (Hammond et al., 2003; Uhde-Stone et al., 2003; Wasaki et al., 2003b; Wu et al., 2003) . This could imply that plants either respond generically to the withdrawal of P before initiating specific responses to P deficiency, or that the regulatory signal cascades that control plant responses to P deficiency have redundancy with other stress response pathways. For example, the involvement of Pi in the acclimation of plants to cold, suggests that P and cold stress might share common regulatory signal cascades (Stitt and Hurry, 2002) , and the differential regulation of many genes previously identified as being responsive to cold treatments during P deficiency (Hammond et al., 2003) , may reflect commonality or redundancy in signalling these two stresses.
L A TE RE SP O N SE S T O P D E FI C I E N CY : I N C R E AS I N G T H E A C Q U I S I T I O N O F P

Changes in root morphology
When subjected to P deficiency, plants maximize the volume of soil exploited and, thereby, the amount of Pi available, by increasing their effective root surface area. Plants responding to P deficiency increased lateral root formation and elongation, and reduce primary root elongation Williamson et al., 2001; Linkohr et al., 2002; Hodge, 2004) ; they also form more associations with mycorrhizal fungi. In addition, the number and length of root hairs increases in response to P deficiency (Jungk, 2001; Ma et al., 2001) . Recently, the response of 19 root hair mutants to P deficiency was characterized and a genetic model for root hair development under these conditions was suggested (Müller and Schmidt, 2004) .
A central role has been proposed for plant growth regulators (PGRs) in controlling the development of the root system in response to P deficiency or localized patches of nutrient (Casson and Lindsey, 2003) . Changes in root morphology and growth are proportional to the concentration of PGRs, in particular auxins, ethylene and cytokinins (Casson and Lindsey, 2003) . Under optimal conditions (P-replete) there is evidence that auxin is involved in lateral root development (Casimiro et al., 2003) , root hair elongation (Bates and Lynch, 1996) and modulating root hair density (Ma et al., 2001) . The involvement of ethylene in lateral root development is less clear, but it has been speculated that, since auxin is known to stimulate ethylene biosynthesis, ethylene may be involved together with auxin in controlling root elongation (Casson and Lindsey, 2003) . Ethylene is better known for its role in root epidermal cell patterning and as a positive regulator of root hair development (Michael, 2001 ). An increase in cytokinins is normally associated with stimulating shoot growth and inhibiting root growth (Martín et al., 2000) .
It is not known how the concentration of endogenous auxins responds to P-deficient conditions. The determination of changes in endogenous auxin levels in P-deficient plants would clarify the role auxin plays in modifying root morphology in response to P deficiency. Ethylene production is stimulated in plant roots by P deficiency (Borch et al., 1999) , and might be responsible for the increased root hair formation in P-deficient plants (Michael, 2001) . Cytokinin levels decrease in the roots of P-deficient plants (Kuiper et al., 1988) . It is possible that this decrease in root cytokinin levels in response to P deficiency may release the inhibition of root growth and act as a negative regulator for P-induced root growth (Martín et al., 2000) .
The application of exogenous PGRs has been used to rescue or simulate P-deficient phenotypes, and the use of mutants which over-express, or are insensitive or resistant to various PGRs, have been employed to investigate the influence of PGRs in modulating root morphology in response to P deficiency, with mixed results. Application of auxins to Preplete plants stimulates lateral root development similar to that observed in P-deficient plants, suggesting a role for auxin in changing root morphology in response to P deficiency (López-Bucio et al., 2002; Al-Ghazi et al., 2003) . However, the growth of auxin-resistant or auxin-insensitive mutants under P deficiency has revealed similar changes in root-system architecture to wild-type plants (Schmidt and Schikora, 2001; Williamson et al., 2001; Al-Ghazi et al., 2003) .
The use of ethylene inhibitors and precursors on arabidopsis grown at high and low P suggest a role for ethylene in root elongation but not in lateral root formation under P deficiency (López-Bucio et al., 2002; Ma et al., 2003) . Treatment of roots with ethylene-synthesis inhibitors restricts root hair formation, whilst treatment of roots with an ethylene precursor promotes the formation of root hairs (Tanimoto et al., 1995) . However, treating Pdeficient plant roots with an ethylene-biosynthesis inhibitor or precursor (and an auxin-transport inhibitor) did not alter root hair density relative to control plants, suggesting that other signal transduction pathways may be responsible for altering root morphology under P deficiency (Ma et al., 2001) . This is supported by the observation that ethylene insensitive or resistant mutants produce a similar number of root hairs as wild-type plants in response to P deficiency (Schmidt and Schikora, 2001 ). Exogenous cytokinins suppress lateral root initiation in P-deficient arabidopsis (López-Bucio et al., 2002) , which fits with their perceived role as a negative regulator of root growth.
How these PGRs coordinate genetic responses to P deficiency is still unclear, but it is likely to result from a fine balance between PGRs, both spatially and temporally, and significant cross-talk between many partially redundant PGR signalling pathways (Forde and Lorenzo, 2001) . Several genes regulated by PGRs are differentially regulated in response to P withdrawal. These include increased expression of auxin responsive genes, including AIR1, AIR3, AIR9, AIR12, HRGP and LRP1, which control lateral root development (Al-Ghazi et al., 2003; Casimiro et al., 2003; UhdeStone et al., 2003) . The expression of several genes involved in ethylene biosynthesis (ACC oxidase, methioninesynthase and S-adenosyl methionine synthetase) and signalling (ethylene responsive element binding factor 2; EREB2), which could mediate the transcription of ethylene-responsive genes, increased their expression in the proteiod roots of white lupin (Uhde-Stone et al., 2003) and P-deficient arabidopsis roots (Wu et al., 2002) . Genes encoding cytokinin oxidases, which may be involved in the breakdown of cytokinin in the roots and, thereby, release the negative control cytokinins have on root development, were observed to increase their expression during P deficiency in the proteiod roots of white lupin (Uhde-Stone et al., 2003) and in arabidopsis roots (J. P. Hammond, unpubl. res.) . Changes in the expression of genes known to be regulated by, or involved in the regulation of PGRs, implies the coordinated involvement of ethylene, auxin and cytokinin in controlling root development in P-deficient plants (Martín et al., 2000; López-Bucio et al., 2002; Al-Ghazi et al., 2003) .
Increasing the acquisition of P
Plants also respond to P deficiency by increasing the Pi transport capacity of root cells (Lee, 1993) . Regulation of plant Pi transporters in response to P deficiency is thought to occur at the level of transcription . However, the over-expression of Pi transporters does not always increase P uptake (Rae et al., 2004) . High affinity Pi transporters are primarily expressed in root hairs, which are ideally suited to P acquisition (Mudge et al., 2002; Schünmann et al., 2004) . Transcripts from many members of the Pht1 subfamily of Pi transporters increase in response to P deficiency. With the exception of Pht1;6, the expression of all Pht1 subfamily members increased in the roots of arabidopsis in response to P deficiency (Mudge et al., 2002; Rausch and Bucher, 2002) . In contrast, the expression of Pht2;1 from arabidopsis does not respond to P deficiency and is expressed mainly in leaves (Daram et al., 1999; Versaw and Harrison, 2002) . Using a Pht2;1::GFP fusion protein, this Pi transporter was shown to be localized to the chloroplast and its expression varied during the photoperiod, suggesting a role in photosynthesis (Versaw and Harrison, 2002) . Changes in the expression of the mitochondrial Pi transporters (Pht3 subfamily) in response to P deficiency have not yet been determined.
Plants also have the ability to modify their rhizosphere and improve the availability of Pi in the soil solution. An increased exudation of organic acids has been observed in several species in response to P deficiency, and serves to release Pi from insoluble inorganic salts (López-Bucio et al., 2000a) . Organic acids are derived from the TCA cycle. The activity of TCA cycle enzymes increases in P-deficient plants, but little evidence is available as to whether this is effected at the level of transcription. The expression of PEPCase, which feeds carbon skeletons into the TCA cycle, but not citrate synthase or malate dehydrogenase (MDH) increases in P-deficient white lupin and tobacco (Toyota et al., 2003; Uhde-Stone et al., 2003) . In contrast, microarray analysis of P-deficient arabidopsis roots revealed a significant down-regulation of both PEPCase and MDH by P deficiency (Wu et al., 2003) . Interestingly, transgenic tobacco engineered to overproduce citrate had improved PUE and produced up to 50 % more dry weight under Plimiting conditions than wild-type plants (López-Bucio et al., 2000b) , although this does not appear to be easily reproducible (Delhaize et al., 2001) .
Plants also release enzymes into the rhizosphere or present them on extracellular membranes to increase the availability of Pi from organic compounds containing P (Miller et al., 2001) . The transcription and activity of secreted acid phosphatases are increased by P deficiency (Haran et al., 2000; Coello, 2002; Li et al., 2002) and can serve to release Pi from extracellular organic compounds. A gene encoding a secreted acid phosphatase, AtsAPase, was shown to be strongly induced by P deficiency in arabidopsis (Haran et al., 2000) and the expression of purple acid phosphatase genes AtPAP11 and AtPAP12 increased in P-deficient arabidopsis suspension cells (Li et al., 2002) .
The acquisition of P from phytate could potentially improve crop PUE by providing plants with an alternative P source. However, transgenic arabidopsis expressing an extracellular phytase from Aspergillus niger under the control of a Pi transporter promoter or a constitutive promoter, only showed enhanced growth and P nutrition compared with control plants when phytate was the sole source of P (Richardson et al., 2001; Mudge et al., 2003) . Presumably, this is a manifestation of the diverse strategies plants use to acquire P, which show considerable environmental dependence.
L A TE RE SP O N SE S TO P D E FI C I E NC Y : I M P R O V I NG T H E IN T E R N A L U S E O F P
Changes in metabolism to conserve P The increased activity of proteins involved in alternative respiratory and photosynthetic pathways has been observed during P deficiency (Plaxton and Carswell, 1999;  Fig. 2 ). However, it is unclear if this increase in activity reflects de novo protein synthesis or the activation of existing proteins.
During P deficiency, the conversion of sucrose to hexose-P can proceed via a pyrophosphate (PPi) dependent pathway requiring UDP-glucose pyrophosphorylase, the expression of which increases in P-deficient arabidopsis (Ciereszko et al., 2001) . The activity of PEPCase appears central to regulating many metabolic adaptations to P deficiency (Fig. 2 ). An increase in the expression of PEPCase occurred in P-deficient tobacco (Toyota et al., 2003) and white lupin . In contrast, the expression of Alternative metabolic processes for cytosolic glycolysis, mitochondrial electron transport and tonoplast H + pumping (bold arrows) that may enable plants to survive under P limiting conditions. The enzymes that catalyse these reactions are (1) invertase, (2) sucrose synthase, (3) hexokinase, (4) fructokinase, (5) UDP-glucose pyrophosphorylase, (6) nucleoside diphosphate kinase, (7) phosphoglucomutase, (8) phosphoglucose isomerase, (9) phosphofructokinase (ATP-dependent), (10) phosphofructokinase (PPi-dependent), (11) NAD-dependent glyceraldehyde 3-phosphate dehydrogenase (G3PDH; phosphorylating), (12) 3-phosphoglycerate (PGA) kinase, (13) NADP-dependent G3PDH (non-phosphorylating), (14) pyruvate kinase, (15) Abbreviations for compounds are in the text or as follows; Glu-1-P, glucose 1-phosphate; Glu-6-P, glucose 6-phosphate; Fru-6-P, fructose 6-phosphate; Fru-1,6-P 2 , fructose 1,6-bisphosphate; G3P, glyceraldehyde-3-phosphate; 1,3-DPGA, 1,3-dephosphoglycerate; OAA, oxaloacetate; E4P, erythrose 4-phosphate; S3P, shikimate-3-phosphate. Redrawn from Plaxton and Carswell (1999) .
PEPCase was repressed in P-deficient arabidopsis (Wu et al., 2003) . Wu et al. (2003) also reported the down-regulation of many photosystem subunits and small subunits of RuBisCo in P-deficient arabidopsis. The expression of the alternative oxidase 1a precursor in the shoots of arabidopsis was significantly up-regulated following the withdrawal of P (Hammond et al., 2003) . This may serve to reduce the production of reactive oxygen species by increasing electron transport through the alternative oxidase pathway and maintain energy production in P-deficient plants. The differential regulation of genes involved in primary metabolism demonstrates the activation of genes involved in bypassing the ATP-and Pi-dependent enzymes, and the changing metabolism required to generate energy and carbon skeletons during P deficiency (Plaxton and Carswell, 1999) . Genes involved in secondary metabolism are also differentially regulated in P-deficient plants, including genes involved in anthocyanin biosynthesis (Hammond et al., 2003; Uhde-Stone et al., 2003; Wu et al., 2003) . The accumulation of anthocyanins in the aerial tissues is a characteristic response of P-deficient plants, which is thought to protect nucleic acids from UV damage and chloroplasts from photoinhibitory damage caused by P-limited photosynthesis (Hoch et al., 2001) .
Changes in physiology to conserve P
To optimize the internal use of P, plants recycle P from old to new tissues. Under P-limiting conditions plants also re-mobilize P from non-essential uses to essential uses. The activities of phosphatases and nucleases re-mobilize Pi from cellular metabolites under P deficiency (Duff et al., 1991; Bariola et al., 1994) . However, phosphatases also play an important role in protein regulatory cascades, and their increased expression in P-deficient plants might also indicate the initiation of P-specific signalling cascades (Luan, 2003) . Increases in the activities of intra-cellular acid phosphatases and nucleases correspond with increased expression of their genes, indicating control at the level of transcription in response to P deficiency. The expression of AtACP5 increased in response to P deficiency and is thought to function in the internal remobilization of P (del Pozo et al., 1999) . Changes in the expression of genes encoding nucleases in response to P deficiency are less well documented. The expression of three ribonucleases, RNS1, RNS2 and RNS3, all increase in P-starved arabidopsis, suggesting that ribonucleases may play a role in the internal remobilization of P under P deficiency (Bariola et al., 1994; Hammond et al., 2003) .
The substitution and recycling of phospholipids during P deficiency can release Pi from phospholipid head groups. Under P deficiency, the proportion of mono-and digalactolipids and sulpholipids increases in the thylakoid membranes, allowing photosynthesis to continue despite a reduction in phospholipid content (Yu et al., 2002; Andersson et al., 2003) . The genes SQD1 and SQD2 encode proteins involved in the biosynthesis of sulpholipids, and their expression increases in P-deficient plants (Essigmann et al., 1998; Yu et al., 2002; Hammond et al., 2003; Wasaki et al., 2003b) . Expression of glycerophosphodiesterases also increases under P deficiency (van der Rest et al., 2003) . The activity of glycerophosphocholine phosphodiesterase, which breaks down glycerophosphocholine into glycerol-3-phosphate and choline, increased under P deficiency in carrot, arabidopsis and sycamore cell cultures (van der Rest et al., 2003) . Glycerol-3-phosphate is thought to be converted to glycerol and Pi by acid phosphatases increasing the availability of Pi under P-limiting conditions.
S U M M A R Y A ND F UT U R E D I R E C T I O N S
It is clear that gene expression changes in both roots and shoots in response to P deficiency ( Fig. 1 ; Raghothama, 1999; Hammond et al., 2003; Vance et al., 2003; FrancoZorrilla et al., 2004) . These changes in gene expression are likely to be coordinated by regulatory cascades involving transcription factors and their cognate cis-regulatory elements. Transcriptional profiling has identified several transcription factors that are increased under P deficiency (Hammond et al., 2003; Wasaki et al., 2003b; Wu et al., 2003) and several putative cis-regulatory elements have been identified in the promoters of genes whose expression changes in response to P deficiency (Table 1) . These are likely to be involved in controlling general stress responses as well as responses specific to P deficiency (Fig. 1) . Coordinated changes in the concentration of PGRs appear to effect changes in root structure in response to P deficiency and also impact on the expression of apparently unrelated genes (Forde and Lorenzo, 2001; Al-Ghazi et al., 2003; Vance et al., 2003;  Fig. 1 ). The increase in the size of the root system, which will increase the soil volume exploited by plants, is accompanied by an increased expression of genes encoding Pi transporters of the Pht1 subfamily and the release of enzymes and organic acids into the rhizosphere (Haran et al., 2000; López-Bucio et al., 2000a; Coello, 2002;  Fig. 1) . Thus, the plant increases its ability to release and take up Pi from the soil. Transcriptional cascades will also control the expression of genes encoding enzymes involved in primary and secondary metabolism (Fig. 2) . These changes in metabolism, although not always observed, serve to conserve P internally by replacing P in metabolites and structural compounds (Plaxton and Carswell, 1999; Yu et al., 2002) .
The identification of transcription factors, regulatory signalling cascades, and genes involved in plant responses to P deficiency could contribute to the development of crops with improved PUE. However, since many transcriptional studies have assayed gene expression in plants grown under laboratory conditions, conclusions from these studies also need to be confirmed in an agronomic context. Furthermore, since transgenic approaches to crop improvement have often been unsuccessful, such an approach should be followed with caution (Flowers, 2004; Sinclair et al., 2004) . For example, the constitutive expression of genes to enhance crop PUE may be effective under P-limiting conditions, but could be detrimental under other environmental conditions. The use of promoter regions or transcription factors that regulate gene expression solely in response to P deficiency might improve PUE in crop plants, without a yield penalty in P-replete conditions.
To manage P fertilizer applications more efficiently, there is a need for more precise methods to monitor crop P status. In the field, P availability, P movement through the soil and plant P requirements may differ throughout the day, the season and between crops. The identification of diagnostic genes, whose changes in expression allow the physiological P status of a particular crop to be defined accurately, will enable robust methods to monitor P deficiency in crops either directly, using smart plant technology, or indirectly, through diagnostic micro-arrays (Hammond et al., 2003) . Coupled with simulation models that can inform the quantity and temporal application of P fertilizers to crop plants (Greenwood et al., 2001) , application of these diagnostics could lower production costs, minimize the use of a non-renewable resource, reduce pollution and enhance biodiversity.
To realize the ambition of crops with improved PUE and molecular diagnostics for P deficiency, further research is needed. Whole genome arrays for A. thaliana and other species are now available, and should be used to complete the transcriptional profiles of plant responses to P deficiency under both controlled and field conditions. Cis-regulatory elements, identified through in silico searches from transcriptional profiling of P-deficient plants, need to be confirmed using promoter dissection techniques before the signal transduction cascades during P deficiency can be established.
The development of transcriptional profiles for crop species will facilitate the development of universal transcript profiling assays for P deficiency. Establishing a characteristic transcriptional pattern for incipient P deficiency would then inform remedial P fertilization of any crop. The adoption of such knowledge and tools may ultimately contribute to a reduction in the use of P fertilizers.
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